To achieve a variety of experimental conditions, the OMEGA EP laser provides kilojoule-level pulses over a pulse-width range of 0.6 to 100 ps. Precise knowledge of the pulse width is important for laser system safety and the interpretation of experimental results. This paper describes the development and implementation of a single-shot, ultrashort-pulse measurement diagnostic, which provides an accurate characterization of the output pulse shape. We present a brief overview of the measurement algorithm; discuss design considerations necessary for implementation in a complex, userfacility environment; and review the results of the diagnostic commissioning shots, which demonstrated excellent agreement with predictions.
INTRODUCTION

OMEGA EP
1 is a four-beam, kilojoule-class laser system at the University of Rochester's Laboratory for Laser Energetics. Two of these beams can be operated in a short-pulse configuration that provides users with kilojoule pulses with widths between 0.6 and 100 ps. The generation of kilojoule-level, picosecond pulses requires chirped-pulse amplification 2 (CPA) to avoid catastrophic damage resulting from nonlinearities in the laser amplifiers. Many of the high-energy, short-pulse laser systems in operation around the world are based on CPA, and while their particular geometries vary, their ultimate on-target energy performance is limited by the damage threshold of the final optics in the system, in particular the final grating in the pulse compressor. The picosecond damage threshold of diffraction gratings and dielectric-coated mirrors has been studied extensively 3, 4 and has been found to scale with the pulse width to the 0.3 to 0.5 power. The pulse-width-dependent damage threshold of these optics means that the on-target energies provided by OMEGA EP can vary significantly over the operating range of the system. Accurate knowledge of the onshot pulse width is therefore required to offer users the maximum-possible on-target energy while maintaining the safety of the laser system.
There are many approaches to characterizing single-shot picosecond pulses, 5 and some of these have been implemented on OMEGA EP. 6, 7 However, because of the unique operating conditions of OMEAGA EP, obtaining accurate results from these instruments has been challenging. In particular, shot-to-shot variations in pointing and focal-spot characteristics have made it difficult to get reliable and repeatable results from techniques that rely on the far field of the beam. Other issues such as limited dynamic range and nonlinearities in detection have rendered other approaches to pulse-width measurement impractical. In this manuscript, we present the use of spectral phase diversity (SPD) 8 for pulse-width measurement on OMEGA EP.
OVERVIEW OF OMEGA EP
Laser system architecture
As described above in Sec. 1, the OMEGA EP short-pulse beamlines are based on CPA. The specific architecture has been described elsewhere. 9 Briefly (see Fig. 1 ), a seed laser produces ~2-nJ, 200-fs Gaussian pulses at 1053 nm. These pulses are stretched to ~10 ps and amplified in an optical parametric amplifier (OPA) to ~10 μJ. The OPA output is then stretched in an Offner-triplet 10 -based stretcher to ~2.4 ns in temporal width with a spectral width [full width at half The output of the OPA is then amplified to the kilojoule level in a series of Nd:glass amplifiers. The amplified output pulses are ~1 ns in width with a pulse shape that resembles the gain-narrowed spectrum of the Nd:glass. These pulses are then compressed to the picosecond regime in a four-grating pulse compressor housed in a large compressor vacuum chamber. A very small fraction of the compressor output beam is transmitted through a diagnostic mirror, while the remainder goes to target. The sample beam is down-collimated and sent to the laser diagnostics table, which measures near-field profile, far field, wavefront, spectrum, and pulse shape. Figure 1 . Overview of an OMEGA EP short-pulse beamline. The laser diagnostics table shows only the diagnostics for pulse-shape measurement. S(ω): spectrum; SPD: spectral phase diversity; OPCPA: optical parametric chirped-pulse amplification; OPA: optical parametric amplification; G1-G4: compressor gratings.
Short-pulse operations on OMEGA EP
OMEGA EP offers users on-shot pulse widths between 0.6 ps and 100 ps and is operated near the damage threshold of the final pulse compressor grating and the downstream optics. Because the damage threshold of these optics varies with pulse width, the on-target energy also varies with pulse width. Figure 2 shows the energy on target as a function of pulse width that OMEGA EP provided users up until mid-2017. In-house damage testing 11 along with damage tests reported in the literature 4 have estimated that the damage threshold of the OMEGA EP diffraction gratings scales as ~τ 0.3 for pulses shorter than 25 ps and τ 0.5 for longer pulses, where τ is the input pulse width. For pulses longer than 10 ps, the on-target energies shown in Fig. 2 are approximately based on these scaling laws. Examination of Fig. 2 shows that OMEGA EP offered constant on-target energy over the pulse-width range between best compression (nearly transform limited) and 10 ps. This limit in performance is not intrinsic to the system, but, Reol-time oscilloscope instead, it reflected a lack of knowledge about the pulse width over this range. When OMEGA EP was commissioned in 2008, pre-shot pulse widths were measured using a single-shot autocorrelator 7 for pulses shorter than 5 ps and an ultrafast streak camera 6 for pulses longer than 10 ps. As a result of fluctuations in the pointing and the quality of the farfield beam, the autocorrelator did not provide satisfactory results for pulses longer than ~1 ps, so OMEGA EP operated with a fixed on-target energy (500 J) for pulses shorter than 10 ps.
On OMEGA EP, a given on-shot pulse width is achieved by adjusting the relative dispersion introduced by the Offner triplet stretcher in the front end of the laser system to that of the fixed pulse compressor at the output of the system. For a given stretcher setting, a pre-shot measurement of the output pulse width provides an estimate of the residual linear chirp on the pulse. This residual linear chirp is then used as an input to a system model that predicts the on-shot pulse width for a given system setup and estimated pre-shot residual chirp. Clearly, the accuracy of the predicted on-shot pulse width is dependent on the accuracy of the pre-shot estimate of residual chirp, so, given the unreliability of the autocorrelator, pulses between 1 and 10 ps were limited to the best-compression on-target energy. For pulses longer than 10 ps, the streak camera gave a reasonable estimate of the pre-shot linear chirp; however, because of several issues inherent to the streak camera, on-shot measurements were significantly less reliable.
SPECTRAL PHASE DIVERSITY AS IMPLEMENTED ON OMEGA EP
Spectral phase diversity
Given the limitations of the OMEGA EP pulse-width diagnostics, there was an effort to develop a new approach to preand on-shot pulse-width measurement. There are many approaches to single-shot pulse characterization such as FROG and SPIDER. These techniques, however, were primarily designed to characterize pulses with limited amounts of residual chirp and large bandwidths, and many of the various versions of these diagnostics require a high-quality, repeatable far field. A robust technique that used the near field of the beam could measure large amounts of residual chirp, and relatively small spectral bandwidths (~3 nm at 1053 nm) were required.
The technique of spectral phase diversity is illustrated in Fig. 3 . Part of the near field of the pulse under test is coupled into a single-mode fiber and delivered to a fiber-based pulse replicator consisting of a series of fiber splitters. After each splitter, one path is delayed with respect to the other path using an additional length of fiber. The pulses that pass through this additional fiber are not only delayed in time, but they also experience some additional material dispersion. For s splitters, 2 (S-1) replicas, separated in time, are produced, each having traversed a unique amount of material. These replicas are then sent to a fast photodiode coupled to a high-bandwidth real-time oscilloscope. An example of an oscilloscope trace measured on the OMEGA EP laser diagnostics table at the output of the pulse compressor is shown in Fig. 4(a) . Figure 4 (b) shows a map of pulse shape versus replica. In this particular example, the width of each successive replica narrows until approximately replica 6, after which the width of the successive replicas increases. As described in Sec. 2.2, the pulse width at the output of the OMEGA EP compressor is adjusted by changing the effective grating separation of the pulse stretcher in the front end. The stretcher is set up so that the effective grating separation is greatest when the OMEGA EP output-pulse width is near the transform limit. As the effective stretcher grating separation is reduced, the OMEGA EP output pulses are increasingly negatively chirped, and so for the pulseshape map shown in Fig. 4(b) , the pulse under test is recompressed by the positive dispersion of the fiber replicator with the shortest pulse being near replica 6. The width of the succeeding replicas increases as the pulses become positively chirped after traversing increasing lengths of fiber. The impulse response of this setup was measured to be ~13 ps, so it is difficult to distinguish between these three pulses.
show the replicator output and pulse-shape map for the 20-ps, 10-ps, and 0.7-ps pulses, respectively. The pulse-shape maps for each of these pulses are very different, suggesting that it would be possible to easily distinguish these pulses using the SPD technique. A detailed description of the algorithm used to retrieve the pulse width from the pulse replicator measurements can be found in Ref. 8 . Briefly, the experimental traces can be mathematically expressed as
where R(t) is the measured impulse response of the detection system; S(ω) is the spectrum of the pulse, which is measured separately; τ is the temporal delay between subsequent replicas, and Ψ(ω) is the dispersion introduced by the fiber lengths between subsequent pulse splitters. All of these quantities can be measured leaving the spectral phase of the input pulse, φ(ω), as the only unknown. The spectral phase is found by selecting a value of φ(ω), calculating a reconstructed trace P R (t), and calculating the error ε between the reconstructed trace and the measured trace, which is equal to the square root of the sum of the square of the differences between each measured replica and its corresponding reconstructed replica. Minimizing ε gives an estimate of the value of φ(ω), which, when combined with the measured spectrum, provides a measurement of the pulse under test. Examples of the reconstructed trace that best matched the measured trace are shown in the lower-right subfigures of Figs. 5(b)-5(d).
Implementation considerations
Since the SPD technique requires only linear detection, the amount of light required to get a reasonable signal is small (<nJ). Consequently, it is not necessary to focus the beam to couple it into the fiber-based pulse replicator. Instead, we down-collimate a sample of the diagnostic beam to ~1 mm in diameter and insert the input fiber into the near field of the beam. This has the advantage that it is no longer sensitive to fluctuations in the far field. It also means, however, that the diagnostic samples only a very small portion of the beam (~0.003%). Moving the fiber to different locations in the beam allows one to characterize the pulse width at different spatial locations.
The design of the pulse replicator depends on the specifics of the laser and the detection system. The length of each fiber segment between the splitters should be chosen to provide sufficient diversity among the pulse replicas and will depend on the bandwidth of the laser system. As discussed in Ref. 8 , the error in the retrieved pulse width decreases as more replicas are used. Using more replicas requires more input energy, however, so depending on the width of the pulse under test, one is ultimately limited by nonlinear phase accumulation in the fiber. For OMEGA EP, the optimum balance between the number of replicas and nonlinear phase accumulation was found using 16 replicas (five fiber splitters). The bandwidth of the detection system also plays a role in the accuracy of the measurement. We compared pulse-width measurements using a 45-GHz oscilloscope to those using a 70-GHz scope and found that a 70% reduction in the impulse response of the detection system resulted in a 60% reduction in the measurement error. As is evident from the bottom subfigures in Figs. 5(b)-5(d), a shorter impulse response of the detection system will provide increased sensitivity to differences between successive replicas, leading to a more-precise determination of the input width of the pulse under test.
RESULTS AND DISCUSSION
Pre-shot measurements
As described in Sec. 2.2, pre-shot measurements of the residual spectral phase on the pulses at the output of OMEGA EP are used to ensure that the on-shot pulse width will be appropriate for the on-target energy requested by the user. The 5-Hz OPCPA front end is propagated to the laser diagnostics table and into the SPD diagnostic. Along with a measurement of the pulse spectrum made using a free-space coupled spectrometer, the replica pulse train is used to and ω 0 is the central frequency of the laser pulse. Using this approximation, the algorithm described in Sec.3.1 produces an estimate of φ 2 . An example for three different stretcher settings is shown in Fig. 6 . For these measurements, the effective grating separation of the stretcher is set to a particular value. Ten measurements at 5 Hz are taken, and then a 10% adjustment is made to the effective grating separation of the stretcher. This is followed by another ten measurements, a final 10% move of the stretcher, and a final set of ten measurements. For this particular set of stretcher moves, the change in effective grating separation results in ~1-ps change in the on-shot pulse width. Because the bandwidth of the pre-shot pulses (~8 nm) is wider than that of the on-shot pulses (~3 nm), these stretcher moves correspond to ~2.7-ps changes in the pre-shot pulse width. The measurements in Fig. 6 show that while the impulse response of the detection system is ~13 ps, the SPD technique can clearly distinguish changes in the residual spectral phase that correspond to significantly smaller changes in pulse width. Another example of these measurements is shown in Fig. 7 . As discussed in Sec. 2.2, OMEGA EP did not previously have a diagnostic that could characterize pulses with on-shot widths between 1 and 10 ps. The measurements in Fig. 7 clearly demonstrate that the SPD technique can distinguish among pre-shot pulses whose widths vary from subpicosecond to ~13.5 ps (5 ps on shot). Stretcher setting (mm)
An example of how these measurements are used to set up a shot on OMEGA EP is shown in Fig. 8 . There is a spread in the ten measurements of residual spectral phase at a given stretcher setting. Each of these measurements is used in a model of the system that can predict the on-shot output-pulse width. This model includes the effects of gain narrowing in the main Nd:glass amplifiers, nonlinear phase accumulation in the transmissive optics, and other phase effects associated with amplification. The output of the model is a prediction of the on-shot pulse width that corresponds to each of the measured values of pre-shot residual phase. This range of widths is then used to set an energy limit for the shot that minimizes the likelihood of damage. 
On-shot measurements
Once the system is set up for operation at a particular stretcher setting, the SPD diagnostic is used to characterize the width of the on-shot pulse. A sample of the on-shot pulse is directed onto the laser diagnostics table and into the spectrometer and the SPD diagnostic. A single-shot measurement of the replica pulse train and a measurement of the on-shot spectrum are used to determine a value of the second-order spectral phase on the pulse. The on-shot measurements of the spectral phase for the stretcher settings shown in Figs. 6 and 7 are shown in Fig. 9 . In most cases, the measured on-shot spectral phase corresponds to the pre-shot measured spectral phase. The on-shot pulse width can be determined from an inverse Fourier transform of the on-shot measured spectrum and spectral phase. All of the measured values of on-shot residual spectral phase shown in Fig. 9 correspond to pulse widths that are well within the margins for safe operation at the maximum energy for that pulse width. 
Discussion
The implementation of the SPD technique has greatly extended the capabilities of OMEGA EP. It can now be operated across its entire pulse-width range at energies that scale with the damage threshold of the final compressor grating and transport optics. The technique is quite robust and gives repeatable results. For an on-shot pulse width of 10 ps-a commonly used pulse width on OMEGA EP-the single-shot pulse width measurement error is ~±1 ps, which is sufficiently small for ensuring system safety and for the users who need to know the on-shot intensity.
Because we have implemented the SPD diagnostic in the near field of the beam, we measure the pulse width at only one location in the beam. Translating the fiber to different locations in the near field of the beam will allow us to measure any pulse-width differences across the beam. This is especially important for damage prevention since pulse-width variations across the beam could lead to local areas of damage on the optics. For OMEGA EP users, the actual quantity of interest is the pulse width in the far field. A measurement of the pulse width at multiple locations in the near field can be used to estimate the pulse width in the far field. However, any pulse-front tilt on the beam will not be included in this estimate; therefore, the pulse width on target may be underestimated.
In Fig. 9(a) , the on-shot measured spectral phase falls outside the pre-shot range for the ~18-mm stretcher setting. It is possible that on-shot phase effects caused a change in actual spectral phase at the output. It is also possible, however, that this is a result of measurement error. While this variation in spectral phase is well within the safety margin of the system, further investigation is required to understand the causes of these variations.
While the SPD technique does an excellent job of characterizing pulses over the entire OMEGA EP operating range, it is not clear that it can currently distinguish among pulses that are nearly transform limited. In this regime, higher-order phase effects do affect the pulse width, and it is not clear that this technique, as currently implemented, could distinguish between, say, a 600-fs pulse and a 700-fs pulse. Similarly, because the temporal resolution of the diagnostic is limited, it is not clear that it can detect higher-order phase effects that may occur on-shot (e.g., spectral amplitude modulation that becomes spectral phase modulation because of the nonlinear index of the amplifiers). Further work is required to understand the limits of this technique in detecting higher-order spectral phase effects.
SUMMARY
The implementation of the spectral phase diversity technique on OMEGA EP has greatly improved its capability to both offer damage-limited energies across its entire pulse-width range and more-accurately characterize both pre-and on-shot pulses. This technique is robust and provides reliable, repeatable pulse-width measurements in the dynamic and complex operating environment found in large laser systems such as OMEGA EP. The SPD diagnostic was fully commissioned in the spring of 2017 and work continues to improve its capabilities to characterize more-complex pulses.
